Flexible supercapacitors (SCs) are desirable for elastic and clothing electronic products owning to their considerable safety, high foldability and outstanding power density. Herein, multilayered films composed of alternating mesoporous Nb 4 N 5 nanobelts and rGO nanosheets (Nb 4 N 5 /rGO) are designed and fabricated exhibiting good flexibility. The folding Nb 4 N 5 /rGO film electrode reveals an areal capacitance of 141 mF cm −2 (at 1 mA cm −2 along with remarkable cycling stability (the capacitance retention is 90% after 6,000 cycles). The flexible SCs devices were constructed by interlayer couple films of Nb 4 N 5 /rGO electrodes with PVA/H 2 SO 4 gel as the electrolyte, which exhibited huge volumetric capacitance of 19 F cm −3 (at 0.1 A cm −3 and a considerable energy density of 0.98 mW h cm −3 with a power density of 0.029 W cm −3 . Additionally, the as-obtained folding devices bode outstanding cycling stability with capacitance retention of 89% after 4,000 cycles measured by cyclic voltammetry method (at 100 mV s −1 . Above results about niobium nitride based flexible electrodes and devices exploit a platform for wearable electronics and flexible devices.
INTRODUCTION
The development of wearable electronics and flexible devices dramatically boost the demand of flexible energy storage devices. Supercapacitors (SCs) are promising energy storage devices connecting conventional capacitors and batteries because of high power density, considerable energy density and high cycling stability. [1] [2] [3] [4] [5] Flexible solid state SCs can be assimilated into flexible/wearable electronic devices for safe, portable, light, and environmentally friendly application. [6] [7] [8] [9] [10] The electrodes in flexible SCs should have both excellent capacitive properties and sturdy mechanical flexibility, 11 12 however, it is also a challenge to design and manufacture electrode materials in order to gain the high conductivity, large specific capacitance, flexibility and good cycling stability. 13 14 Transition metal nitrides (TMNs) with intrinsically high electrical conductivity and large specific capacitance act as promising electrode materials for next-generation * Authors to whom correspondence should be addressed.
high-performance SCs such as TiN, VN, Mo 2 N, NbN, and Nb 4 N 5 . [15] [16] [17] [18] [19] [20] Compared to carbon-based materials, TMNs can generally deliver larger specific capacitances and volumetric energy densities. In addition, TMNs have a larger power density and better rate performance than transitional metal oxides (TMOs) due to the higher conductivity, especially at high current densities which can also provide considerable performance. 9 18 21 22 Asymmetrical pliable SCs devises based on VN and VOx nanowires were assembled with LiCl/PVA gel electrolyte by Lu and coauthors. 23 Our previous research depicted that bondable SCs constructed hybrid mesoporous VN/CNTs materials with 70 wt% mass loading of VN NWs and H 3 PO 4 /PVA gel electrolyte exhibited a huge volumetric capacitance of 7.9 F cm −3 (1.1 mA cm −3 . 16 More recently, we reported high performance symmetric all-solid-state SCs heaping a couple of paper-like composite film consisting of mesoporous Mo 2 N and rGO with the H 3 PO 4 -based gel as electrolyte. The volumetric capacitance of the as-obtained flexible device is as high as 15.4 F cm −3 on basis of the whole volume of the cell.
Among those different types of TMNs, the typical niobium nitride is attractive due to following reasons: Firstly, niobium nitride with the valence (+5) of Nb ions facilitates the electrochemical activity enhancing multistep electrochemical reactions. 20 Secondly, the great electrical conductivity of niobium nitride plays a significant role in enhancing electron transfer and promotes the power density for SCs. 20 24-26 Thirdly, the large density 8.47 g cm −3 of the niobium nitride with considerable capacitance can boost large volumetric energy density. 27 For instance, Choi et al. fabricated niobium nitride nanoparticles and investigated their electrochemical behaviors. 28 In recently, the mesoporous niobium nitride nanobelt arrays with considerable specific capacitance of 37.4 mF cm −2 at charge/discharge current density of 0.2 mA cm −2 and outstanding rate performance were synthesized directly on Nb substrate by our research groups. 29 
MATERIALS AND METHODS

Preparation of Niobic Acid NBs
The chemicals were purchased from Sigma. A simple hydrothermal method was employed to fabricate niobic acid NBs. In brief, remarks at experiment, 0.26 g of Nb powders (99.5%) were dispersed in 40 mL of 10 M NaOH, under magnetic stirring. Then, the mixture was transferred into a 60 mL autoclave, heated to 130 C and kept for 18 h. The white product was gathered and washed by deionized water (DW) for three times to obtain sodium niobate nanobelts. By hydrogen ion exchange process in diluted hydrochloric acid (HCl) three times, the niobic acid NBs was obtained and more details can be found in our previous work. 
Samples Characterization
The structure, morphology, and composition of the samples were characterized by field-emission scanning electron microscopy (SEM, FEI Nova 450 Nano), transmission electron microscopy (HR-TEM, FEI TITAN), X-ray diffraction meter using Cu K radiation ( = 1.5418Å, XRD, Philips X' Pert Pro), Raman spectrometer (HR RamLab), and X-ray photoelectron spectrum (XPS, PHI quantera ii). The rGO content of Nb 4 N 5 /rGO hybrid were evaluated by thermogravimetric analysis (TG, STA449) and differential thermal analysis (DTA, STA449) from 100 to 500 C with the heating rate of 10 C min −1 .
Electrochemical Test
The electrochemical performance of the Nb 4 N 5 and Nb 4 N 5 /rGO film was characterized in three electrode system with the platinum foil as counter electrode, and a saturated calomel electrode (SCE) as reference electrode. The electrolyte was 1 M H 2 SO 4 solution. The cyclic voltammetry (CV) and galvanostatic charging/discharging (GCD) tests were carried out on an electrochemical workstation (CH Instruments, 760e) and the voltage range was between 0 and 0.6 V. The Nyquist plots were measured in a frequency range from 0.1 Hz to 100 KHz.
The capacitance of electrode is computed by following equations:
where C (F g −1 or F cm −3 is the specific capacitance, I (A g −1 or A cm −3 represents for the charge/discharge current density, t (s) is the discharge time, U (V) is the potential window of discharge, V (cm 3 is the device volume. The volumetric energy density (E) and power density (P ) of SCs device can be calculated as follows:
3. RESULTS AND DISCUSSION Figure 1 illustrates the fabrication process of the flexible Nb 4 N 5 /rGO composite electrodes. Firstly, the as-obtained positively-charged niobic acid-PDDA were added into the negative GO suspension to form niobic acid/GO composites under strong stirring via static electricity interactions method. The paper-like niobic acid/GO films were produced by filtering and freeze-drying. Finally, freestanding Nb 4 N 5 /rGO hybrid films were fabricated by heat treating niobic acid/GO hybrid film in NH 3 during which the niobic acid NBs transform into Nb 4 N 5 NBs and GO turns into rGO. The niobic acid NBs obtained by hydrothermal treatment exhibits a diameter of 80 nm and length of tens of micrometers (Not provided). In order to search a suitable annealing temperature, the as-obtained niobium acid NBs were annealed at different temperature of 500, 600, 700, and 800 C. The XRD patterns of the precursor nitrided at 500 C can be indexed to orthorhombic Nb 2 O 5 (JCPSD No: 30-0873) as shown in Figure 2 . 32 33 However, the XRD diffraction peaks of products correspond to tetragonal Nb 4 N 5 (JCPDS No: 51-1327) above 600 C, indicating the transformation of orthorhombic Nb 2 O 5 into tetragonal Nb 4 N 5 during annealing. 27 30 Increasing the temperature to 700 and 800 C, the intensity of all the peaks goes up implying better crystallinity. The SEM images of samples annealed at 500, 600, 700 and 800 C are depicted in Figure 3 . The SEM images of samples obtained by annealing at 500 C indicate that the NBs are almost the same as the niobic acid NBs. Even after annealing at 600 C and 700 C, the one-dimensional structure is mostly retained while some pores are found in the surface of the NBs. The porous structure of Nb 4 N 5 after annealing at 700 C is more remarkable than that of samples obtained from 600 C as shown in Figure 3 . The N 2 adsorption-desorption isotherm is acquired to study the porous structure of Nb 4 N 5 and the corresponding pore size distribution shows a wide mesoporous distribution with a specific surface of 38.6 m 2 and an average pores about 13 nm. However, the NBs are destroyed and turn into nanoparticles at 800 C as shown in Figure 3(d) . The electrochemical performance of the samples annealed at 500, 600, 700, and 800 C is assessed in 1 M H 2 SO 4 and the CV curves show a rectangular shape (Fig. 4(a) ). The specific capacitance values are 7.18, 86.6, 133, and 65.2 mF cm −2 at a current density of 1 mA cm
for the samples annealed at 500, 600, 700, and 800 C (Fig. 4(b) ), respectively. The Nb 4 N 5 after annealing at 700 C exhibits the largest specific capacitance due to the porous structure and is used in the subsequent experiments. The SEM image of the Nb 4 N 5 /rGO film in Figure 5 (Fig. 6(a) ) can be ascribed to the tetragonal Nb 4 N 5 except for a broad peak at 27 which can be related to graphene. 19 The Raman scattering spectra of Nb 4 N 5 , GO, and Nb 4 N 5 /rGO in Figure 6 (b) describe two typical peaks at 1352 and 1590 cm −1 relating to D-band and G-band of graphitic structure. 34 The other peaks at 260, 656, and 980 cm
correspond to vibrational modes of orthorhombic Nb 2 O 35 5 resulting from surface oxidation of Nb 4 N 5 . This phenomenon has been observed from other metal nitrides.
36-38
The TG and DTA curves of Nb 4 N 5 and Nb 4 N 5 /rGO acquired in air with a heating speed of 10 C min −1 are displayed in Figure 6 (c). Between 300 C and 400 C, the characteristic exothermal peaks in the DTA curves and mass increase in the TG curves are attributed to oxidation of Nb 4 N 5 to Nb 2 O 5 .
19 39 The content of the rGO in which is calculated by the GCD curve. At the current density of 1 mA cm −2 , the Nb 4 N 5 /rGO electrode can obtain a high areal capacitance of 141 mF cm −2 , which is also higher than that of carbon nanoparticles/MnO 2 hybrid structure electrode (110 mF cm −2 44 as well as ZnO and carbon shell-core structure electrode (139 mF cm −2 . 45 Even the current density was increased 133-fold to 100 mA cm −2 , the Nb 4 N 5 /rGO film achieves a capacitance of 60 mF cm −2 . Moreover, the materials have a long cycling lifetime with 90% capacitance retained after 6,000 cycles as shown in Figure 5(d) . The superb electrochemical performance in SCs can be ascribed to the following reasons: First of all, the mesoporous Nb 4 N 5 NBs possess a large specific surface area and high mass loading (94.96 wt.%) offering not only galore active sites for the redox reaction but also channels facilitating transportation and storage of ions. Secondly, the two-dimensional graphene nanosheets separated by Nb 4 N 5 NBs form a hierarchical three-dimensional network allowing permeation of the electrolyte and electron transfer. Thirdly, the Nb 4 N 5 NBs and rGO compound has a great structural stability thereby obviating the failure of electrode.
All solid state SCs devices with considerable flexibility are constructed using the Nb 4 N 5 /rGO freestanding films with H 2 SO 4 /PVA as both the electrolyte and separator. The CV curves of the Nb 4 N 5 /rGO based device in a range of potential between 0 and 0.6 V are depicted in Figure 8 To further test the function of the structure, three identical Nb 4 N 5 /rGO//Nb 4 N 5 /rGO based SCs indicated as A, B, and C are joined in series circuit or parallel circuit. The demonstration of practical feasibility of our device as a flexible energy storage, CV tests were conducted under different bending condition. The GCD curves show no obvious different at different bending conditions as shown in Figure 9 (a). Figure 9 (b) depicts the GCD plots collected for parallel/series combinations of three devices at a current density of 0.2 A cm −3 . The specific capacitance are 91.6, 92.4, and 92.2 mF for A, B and C device, respectively. The whole potential of the three series-wound devices is 1.8 V, which is triple that of the single one. The capacitance three shunt-wound devices from GCD curves reaches 256 mF closing to the theory value (276 mF). Further demonstration, four flexible devices in series are bent while powering two yellow light-emitting diodes (LED) as shown in Figure 9 (c). 
CONCLUSION
